Abstract. For four geomagnetic storms of middle intensity the relationship between the low-latitude magnetic ®eld asymmetry using ASY indices and the intensity of the auroral eastward and westward electrojet was considered. It was asked whether there exists a connection between ASY and the eastward electrojet. To answer this question equivalent current systems were estimated in mid-latitudes. It was found that the observations obviously show no correlative relationship between the low-latitude magnetic-®eld asymmetry and the eastward electrojet, whereas one exists between ASY and the westward electrojet. To explain the generally accepted common three-dimensional current system between the partial ring current and the eastward electrojet, a condensor model of the three-dimensional current system was developed. It could be shown that the short periodic variations of the partial ring current are shielded by the condensor and cannot in¯uence the eastward-electrojet current.
Introduction
Since the work of Kamide and Fukushima (1972) it has been generally accepted that in the evening sector the asymmetric ring current is part of a three-dimensional current system containing the eastward auroral electrojet. However, there are some doubts that this conception is correct. Grafe (1977) and Clauer et al. (1981) have shown that the relationship between the intensity of the low-latitude magnetic ®eld asymmetry and the intensity of the westward auroral electrojet is closer than between the asymmetry and the eastward auroral electrojet. This implies that the relationship between DR and DP ®eld variation is far from clear, maybe because the nature of the eastward electrojet itself is not quite clear. It is well known that the westward electrojet can be classi®ed into two dierent phenomena, the convection westward electrojet and the explosive westward electrojet, caused by two dierent magnetospheric processes, the largescale direct driven process and the unloading process (Sergeev, 1977; Pytte et al., 1978; Kamide and Vickrey, 1983) . In the case of the eastward electrojet, however, it is generally supposed that it is only caused by the direct driven process. Therefore the eastward electrojet will be only a convection electrojet (Baumjohann, 1986) . However, Grafe (1990 Grafe ( , 1994 has shown that the eastward electrojet has also a double nature. During precipitation events in the evening sector the eastward electrojet shows an explosive feature characterized by pi2 pulsations at the beginning of the event. It is surmised that the double nature of the eastward electrojet is the cause of the bad correlation between the ASY-index and AU. For this reason we deal in this paper with an analysis of the relationship between the storm-time asymmetry and substorm equivalent current system. We will show this using examples in the afternoon/evening sector in midand auroral latitudes for various storms. However, for all these investigations we have to consider that the lowlatitude magnetic-®eld asymmetry cannot be explained alone by an asymmetric ring current; this has been shown by Harel et al. (1981) and Crooker and Siscoe (1981) . Referring to them, the region-1 Birkeland current plays an important role in the low-latitude asymmetry. On the other hand Grafe et al. (1996) show that during the recovery phase, especially for median disturbed storms, the low-latitude magnetic ®eld proceeds dierently in dierent local times. The recovery phase typical for the ring current runs dierently in dierent local times. This means that the observed asymmetry of the low-latitude magnetic ®eld during the recovery phase is mainly caused by the local-time dierences of the ring-current decay. It will be the task of this work to investigate the relationship between the low-latitude ®eld asymmetry and the mid-latitude current system.
Observations
In order to investigate the relationship between the asymmetric disturbance ®eld in low latitudes and the current system in mid-latitudes we have used the magnetic ®eld observations of six observatories in low latitudes shown in Table 1 , of the seven EISCAT magnetometer cross stations (LuÈ hr et al., 1984) shown in Table 2 , and of 13 observatories in mid-latitudes shown in Table 3 . For this investigation we have selected four storms of the last sunspot maximum. The dates are the following: 9±11 April 1990; 9±11 October 1990; 27± 28 November 1990; 23±25 March 1991 . For all magnetic observations we have calculated for these storms instant storm-time values. Sq was eliminated. The horizontal magnetic ®eld components were converted into the geomagnetic components. The low-latitude magnetic ®eld data were used to estimate the Dst variation and the ASY index as according to Kawasaki and Akasofu (1971) , which is the measure of the asymmetry of the magnetic ®eld in low latitudes concerning the local time. ASY describes the dierence between the highest and lowest geomagnetic ®eld disturbance values. ASY is measured as a positive value. The Dst-and ASY-indices are represented in Figs. 1±4. The arrows in these ®gures indicate the selected time moments for which horizontal magnetic ®eld vectors were estimated by use of the midand high-latitude magnetograms. These vectors are storm-time vectors and describe the storm activity after the sudden commencement. Figures 9±12 show the plots of these vectors and additionally the equivalent current systems. The results are more or less quantitative. The time moments were chosen to investigate current systems in mid-latitudes in relation to the low-latitude ®eld asymmetry in the afternoon/evening sector. In Figs. 5±8 the X-components of the EISCAT magnetometer cross stations are shown; they show clearly the activity of the eastward-and the westward-directed electrojet of the four storms.
Results of observations
The essential question to be answered by this investigation is the following: Is there a relationship between the low-latitude magnetic ®eld asymmetry and the smallscale equivalent current system in mid-latitudes? The magnetic-®eld observations of the four storms shown in Figs. 1±12 will provide us with the answer. 
Storm on 10 April 1990
On this day the maximum of the eastward-electrojet intensity (positive bay, Fig. 5 ) appeared at 1000 UT. A pronounced current system ( Fig. 9 ) has developed. However, Fig. 1 shows at this time only a low asymmetry of about 60 nT. In comparison to other time moments the asymmetry is b 100 nT. At 1300 UT the conditions are clearer. The eastward electrojet has disappeared and the asymmetry is low, similar to 1000 UT. But 1 h later at 1400 UT, when the eastward electrojet is also missing and no current system in midlatitudes exists, we observe a high asymmetry of about 140 nT. And at 1500 UT for a short time interruption of a new enhanced eastward electrojet by a polewardappearing westward electrojet took place. Simultaneously we observe high asymmetry and a well-pronounced current system. Looking to 0900 and 1100 UT we see at these moments also an overlapping of the eastward electrojet by a poleward westward electrojet. In Fig. 13 , as well as the ASY index, the AL and AU (provisional values) are also represented. The correlation between ASY and AL is excellent. From this event we cannot conclude that a relationship between the intensity of the low-latitude magnetic ®eld asymmetry and the midlatitude current system in the afternoon/evening sector exists. In contrast, we suppose that there is more of a relationship between the asymmetry and the westwardelectrojet current system.
Storm on 10 October 1990
This storm is the least intensive of the four. Dst maximum is only about 100 nT (Fig. 2) . Figure 6 shows that the eastward-electrojet intensity is not high. During the time-interval from 1000 to 1600 UT there was no variation in the well-pronounced current system at midlatitudes (Fig. 10) . However, during this time-interval the asymmetry shown in Fig. 2 on the right-hand side changes strongly. The decrease in asymmetry from 1000 to 1600 UT is about 100 nT, but the current systems at these two time moments are fairly equal. Therefore, we can also conclude from this interval that obviously no relationship between asymmetry and the eastwardelectrojet current system development in mid-latitudes exists. The positive component in the afternoon of this event has a character of a convection eastward electrojet. No short periodic sudden positive variations characteristic of an explosive eastward electrojet are recognizable. 
Storm on 27 November 1990
This event is a very good example of an appearance of a strong westward electrojet in the evening sector at all EISCAT magnetometer cross stations. The maximum of the negative bay occurring about at 1725 UT was reached at approximately 1300 nT, as is shown in Fig.  7 on the left-hand side. The equivalent current system at this time is represented in Fig. 11 , showing a midlatitude current system overlapped by a westward electrojet in auroral latitudes. The asymmetry at 1700±1900 UT (Fig. 3 ) is very high and shows a fairly good correlation to the appearance of the westward electrojet. However, in this case it is also possible that the asymmetry is connected with the mid-latitude current system. The r -component of Dombas is depicted in Fig. 14 . At nearly 1700 UT we observe a strong positive bay in Dombas which has a sudden beginning characteristic of an explosive eastward electrojet.
Storm on 25 March 1991
The asymmetry in the late recovery phase (Fig. 4) for this event was investigated. The highest asymmetry at this time appeared at 1300 UT, when the intensity of the eastward electrojet was low (Fig. 8) . During the maximum of the eastward-electrojet intensity the asymmetry diminished. Furthermore, at 1700 UT we observed a well-pronounced current system at midlatitudes in the evening sector. This happened when the asymmetry was at a minimum. Therefore, this event too does not let us draw the conclusion that the lowlatitude magnetic-®eld asymmetry is connected with the current observed in mid-latitudes. Of course, in the case of this eastward electrojet we cannot con®rm that this is an explosive one.
Preliminary theoretical model
To explain the dierences in the time evolution of the ring current and the eastward electrojet we have focused in detail on processes in the Kamide and Fukushima (1972) electric circuit. Let us introduce a model of the three-dimensional current system (shown in Fig. 15 ) in which s t is the magnetospheric partial ring current in the afternoon/evening sector, and s i t is the auroral eastward electrojet. A symmetric current loop exists in the southern hemisphere. Really, the position of the ®eld-aligned currents depends on the kinetic processes of the ring-current ion interaction in the magnetosphere and the ionosphere. For instance, the cyclotron interaction of the ringcurrent particles with ion cyclotron turbulence near the evening plasmaspheric bulge boundary is responsible for the position of the incoming ®eld-aligned currents into the ionosphere (Grafe et al., 1996) . However, the main focus of our interest is the rather slow process in the electric circuit. The quasi-static assumption is sucient for analysis of this type of process because the characteristic wave length of events is much greater than the magnetospheric large scale. Finally, taking this into consideration we get the simple electric circuit model as shown in Fig. 16 .
Here, g is the condenser value between the condenser plates 1 and 2 and is the active resistivity of the circuit. There is a slightly more general form of equivalent scheme with the circuit inductivity v g in the appendix. This general form results from model problem investigations. It is interesting to point out that this inductivity depends not only on the circuit inductivity but also on the gyrotropy of plasma inside the current loop. However, for a time-scale of processes studied in this work the term of the inductivity is highly limited, and we do not present this element in Fig. 16 . The order of the magnitude of the condenser value will be determined by means of the well-known formula
Here e 0 9 Á 10 À12 A s/Vm is the absolute dielectric constant, e c is the transverse component of the dielectric tensor which is equal to e c 1 2 a 2 e % 2 a 2 e for low-frequency processes, where and e are the light and the AlfveÂ n velocities, is the size of the surface of , where Dk is the longitudinal distance between the surfaces 1 and 2 in degree (for typical magnetospheric conditions e c % 10 5 , v % 3, Dv % 1, Dk % 30 ). So we get g e 0 e c r 0 Dv 360
The active circuit resistivity really depends on many factors and the value is signi®cantly greater than what we can expect from the analysis of the ionospheric Pedersen and Hall conductivity. It is possible to de®ne the real resistivity by the energy balance equation of the partial ring current,
where is the ring current energy. Taking into account that the characteristic partial ring current decay time % 4 Á 10 3 s, and % 2 Á 10 15 J (Feldstein et al., 1986) , and s i % 10 5 A, we can postulate the following approximation:
Finally we get the characteristic time-scale of the circuit
The evolution of the eastward electrojet in the framework of the equivalent scheme of Fig. 16 is determined by the equation
The solution of this equation has the following form:
In accordance with this solution only variations averaged over the time-scale s of the partial ring current can exist in the eastward electrojet. The higher frequency variations of the partial ring current pass through the condensor.
Discussion
The observations show clearly that the low-latitude magnetic-®eld asymmetry is connected rather to the westward than to the eastward electrojet. In the end no relationship to the convection-like eastward electrojet could be found, in contradiction to the conception of Kamide and Fukushima (1972) . They assume that just this eastward electrojet which is part of the twin vortex current system caused by convection is connected to the partial ring current of the same three-dimensional current system. While it is very easy to imagine such a current system, the observations here do not correspond to the idea. Grafe (1977) has already shown that the correlation between ASY and AL is better than between ASY and AU. On the other hand it is rather dicult to imagine a common three-dimensional current system between a westward-¯owing electrojet and a westwardowing asymmetric ring current. In the case of the storm on 27 November 1990 we have seen that the strong asymmetry was closely correlated to an explosive eastward electrojet appearing equatorwards from a strong explosive westward electrojet. This gives us reason to suppose that perhaps an explosive eastward auroral electrojet is the characteristic feature of a partial ring current three-dimensional current system. However, Fig. 13 has clearly shown a close correlation between asymmetry and the westward electrojet intensity. On the other hand, we have to take into account that during active intervals the eastward electrojet moves towards the equator. Therefore, we cannot always see its activation in the AU indices. However, at the time of 1400 UT nor did any eastward-electrojet activity in subauroral and mid-latitudes exist, as shown in Fig. 9 . Consequently, the observations investigated are ambiguous in their interpretation. On one hand the close correlation between ASY and westward-electrojet intensity is dicult to describe by a three-dimensional current system, and on the other the missing correlation between ASY and eastward-electrojet intensity leads to doubts about a common three-dimensional current system as proposed by Kamide and Fukushima (1972) . We at ®rst had the idea that ASY is connected with the explosive Fig. 10 . Horizontal magnetic disturbance vectors and the equivalent ionospheric current system, respectively, for dierent time moments on 10 October 1990 Fig. 11 . Horizontal magnetic disturbance vectors and the equivalent ionospheric current system, respectively, for 1700 UT on 27 November 1990 eastward electrojet; however, now we must agree that the observations do not con®rm this supposition.
We could ®nd a model explaining observed dierences in the time evolution in the magnetic ®eld of the ring current and of the eastward electrojet. By accepting this model we would not be compelled to leave the idea of a common three-dimensional current system for the asymmetric ring current and the eastward electrojet. It is necessary to point out that the magnetic ®eld of the ring current does not only depend on the current intensity, but also on its distribution in the space and position of the current. Moreover, we have no exact information of these values. It is possible that these values also have a characteristic time modulation. However, in our analysis we assume that these values are stable. Furthermore, we believe that the condenser eect plays an important role in the global electric circuit. Using this simple model it is possible to explain why the eastward electrojet changes more smoothly in time in comparison to the ring current.
We do not exactly know the sources of the ring current, but it is clear that its time variation also depends on peculiarities of the tail convection process (Williams, 1981) . This convection is ordinarily discussed as a major source of the convection westward electrojet (Kamide, 1982) . The corresponding current loop has another characteristic time-scale. This can help to understand why the westward electrojet has a similar time variation as the asymmetric ring current. However, this is an extensive unsolved problem and important for further investigations.
Furthermore, there are some additional problems for further analysis. It is necessary to compare the current evolution with observations of the electric ®elds in the ionosphere and the magnetosphere. We have additional reasons for studying various resistivity processes in the current loop. This becomes necessary because the real resistivity value is more than 100 times greater than the value obtained from the ionospheric Pedersen and Hall conductivity. It is also interesting to note that the eigenfrequency of the loop X 1 vg p corresponds to a period of about 60 s.
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Appendix. Three-dimensional condenser model
Let us introduce the three-dimensional current system in Fig. 17 . In this model s t is the magnetospheric partial ring current, s i t is the eastward-electrojet current, s x and s y are currents across magnetic ®eld B, s x is the northward ionospheric current, l x , l y and l z are sizes of the¯ux tube with the eastward electrojet in the food, and h is the electrojet thickness. Hereby we take into account the very high conductivity along the magnetic ®eld, and that these lines are equipotentials. Since the purpose of our analysis is only a preliminary investigation of the problem in this simpli®ed model, we do not bear in mind the dipole geometry of the magnetic ®eld. Practically, results of the investigation show the necessity to correct formulas for more real geometry of the magnetic ®eld.
Our aim is to investigate the rather slow processes in the electric circuit. For the analysis of this kind of process, the quasi-static assumption was used because the characteristic wave length of events is much larger than the magnetospheric size scale. The complete set of quasi-static equations for the magnetospheric part of the circuit is based on Poisson's equation in the anisotropic plasma and the charge conserve equation
where u is the electric potential, q is the change density, j is the electric current density, e 0 is the absolute dielectric constant and the plasma dispersion characteristic is determined by the well-known dielectric tensor (FrankKamenezki, 1967) e e c ig 0 Àig e c 0 0 0 e l P R Q S A2 which has the above form in the frame with z-axis parallel to the magnetic ®eld. Equation A1 for i z 0 (i z is the electric ®eld along the magnetic ®eld) has the following form where is the speed of light, v e is the AlfveÂ n velocity and m e and m i are the electron and ion masses, respectively. Equation (A9) Here v g v g v Ã Y where v g is the above mentioned indication determined by gyrotropy, v Ã is the simple circuit induction. There are two eigentimes for the current circuit
where X is the circuit eigenfrequency and s is the characteristic circuit time-scale.
